The present theoretical analysis is to investigate the effect of non-Newtonian lubricant modelled by a Rabinowitsch fluid on the performance of a curvilinear squeeze film bearing with one porous wall. The equations of motion of a Rabinowitsch fluid are used to derive the Reynolds equation. After general considerations on the flow in a bearing clearance and in a porous layer using the Morgan-Cameron approximation the modified Reynolds equation is obtained. The analytical solution of this equation for the case of a squeeze film bearing is presented. As a result one obtains the formulae expressing pressure distribution and load-carrying capacity. Thrust radial bearing and spherical bearing with a squeeze film are considered as numerical examples.
Introduction
Squeeze film phenomena play an important role in many areas of engineering and applied sciences such as: polymer processing, metal processing, pressure die casting, lubrication technology, bioengineering, etc. In lubrication technology, the squeeze film behaviour results from too lubricated, generally curvilinear surfaces of revolution, approaching each other with a velocity normal to these surfaces on their common symmetry line. Classical studies of squeeze film phenomena between approaching surfaces are presented by Wu using a Newtonian fluid [1] .
In recent years, tribologists have done a great deal of work of non-Newtonian lubricants in squeeze film bearings. The viscosity of these kinds of lubricants displays a non-linear relationship between the shear stress and shear strain rate. There are many known formulae to model this relationship. One of the first was power-series development and in consequence the polynomials were suggested. The polynomial given by Kraemer and Williamson [2] which was later independently proposed by Wissenberg's student Rabinowitsch [3] should be cited here. In the sixties of the past century Rotem and Shinnar [4] returned to the polynomial representation proposing their own model similar to the one of Rabinowitsch. Theoretical considerations and some ranges of experiments carried out by Wada and Hayashi [5, 6 ] indicated on good usefulness the Rabinowitsch fluid to modelling various lubrication problems. These problems have been analyzed by many investigators, for instance as journal bearings were studied by Wada and Hayashi [5, 6] , Swamy et al. [7] , Rajalingham et al. [8] , Sharma et al. [9] , hydrostatic thrust bearing by Singh et al. [10] , squeeze film bearings by Hashimoto and Wada [11] , Lin [12] , Lin et al. [13] . More general lubrication problems include hybrid bearings modelled by two generally non-coaxial surfaces of revolution which can work simultaneously as journal and/or thrust bearings. Some theoretical considerations about these bearings may be found in the works given by Walicka et al. [14, 15] , Ratajczak et al. [16] , Walicka and Walicki [17] ; these authors considered both externally pressurized bearings with and without rotational inertia and squeeze film bearings lubricated by the Rotem-Shinnar fluid. From the results of all the papers referred to above, it follows that the non-Newtonian lubricants properties affect the bearing performance significantly.
The extensive use of porous bearings is found in industry for a long time because of their low cost and reduced lubricant requirement. Basing on Darcy model of flow through porous medium Morgan and Cameron [18] first presented theoretical research on these bearings.
The behaviour of various types of porous bearings, such as squeeze films (Wu, [1] ), externally pressurized bearings (Gupta et al. [19] ), journal bearings (Prakash and Vij, [20] ) and slider bearings (Uma, [21] ) were considered. Of late, the use of non-Newtonian fluids as lubricants in porous bearings has gained importance in modern industry. From many studies the works given by: Walicka [22] which contains considerations on the inertia effects in rough porous squeeze film bearing with power-law lubricant, Walicka [23] on the porous squeeze film bearings with viscoplastic Shulman's type lubricant, Walicka and Jurczak [24] who considered pressure distribution in squeeze film bearing lubricated by Vočadlo viscoplastic fluid can be mentioned.
In this paper the Rabinowitsch fluid model is used to describe the non-Newtonian behaviour of a lubricant in a squeeze film bearing between two curvilinear surfaces of revolution (with one porous wall). The modified Reynolds equation is derived and its general solution for the curvilinear thrust bearing is presented. The analysis is based on the assumption that the porous matrix of the porous wall consists of a system of capillaries of very small radii which allows a generalization of the Darcy law and use of the Morgan-Cameron approximation for the flow in a porous layer.
Derivation of the Reynolds equation for a Rabinowitsch fluid
It may be assumed that lubricating oils, with a viscosity index improver added, exhibit the same characteristics as non-Newtonian fluids. Rotem and Shinnar [4] proposed a method for expressing empirically the relation between the stress and the shear rate as
Retaining only the first order term   
Typical flow curves are shown in Fig.1 . Since  is the tangent at the original point of the flow curves, shown in Fig.1 ,  is the initial viscosity. If the values of  do not vary, the non-linearity of the flow curve increases with the value of k , which means the coefficient of plasticity. In non-Newtonian fluids k 0  and in Newtonian fluids k 0  . Therefore, in Newtonian fluids, the initial viscosity becomes the viscosity given by Newton's law.
The three-dimensional notation of Eq.(2.2) may be expressed as [25]  
is the magnitude of the second-order shear stress tensor Λ , but 1 A is the first Rivlin-Ericksen kinematic tensor. 
Constitutive equation (2.3) 1 takes the form
The problem statement is complete after specification of boundary conditions. These conditions for velocity component are stated as follows
where H V is the velocity of a throughflow on the upper bound of the porous layer. Here and in that follows it is assumed -as the first approximation -that this velocity is directed along the normal (along the y coordinate) to the upper surface of the porous layer.
Solving the equations of motion (2.4), (2.5) and taking into account the constitutive equation (2.6) one obtains the Reynolds equation (detailed solution may be found in works [25, 26] )
for a lubricating fluid of the Rabinowitsch type. If k 0  , the above equation is identical to the Reynolds equation for Newtonian lubricant [26] .
Modified Reynolds equation for a bearing with a porous pad
To solve Eq.(2.9) let us study the flow of a type Rabinowitsch fluid in the porous layer. Assume that this layer consists a system of capillaries with an average radius c r and porosity p  . Let the porous layer be homogeneous and isotropic and let the flow within the layer satisfy the modified Darcy's law. Thus one has [25, 27] ,
where x  , y  are velocity components in the porous layer and
is the permeability of the porous layer but p  is the coefficient of porosity. 
Using the Morgan-Cameron approximation [18, 20] one obtains (see Appendix A) 
for the squeezed flow in a clearance between two surfaces revolution.
Solutions to the modified Reynolds equation
To find the solution to the Eq. 
and the other 
The boundary conditions for pressure are
The solutions of Eqs (4.2) and (4.3) are given, respectively, as follows
where
F x t I x t J x t 5
The load-carrying capacity is defined by
the sense of angle  arises from Fig.2 .
Radial thrust bearing with squeezed film
Let us consider a radial thrust bearing with squeezed film of a Rabinowitsch lubricant modelled by two parallel disks (Fig.3) . Fig.3 . Squeeze film in a radial thrust bearing.
Introducing the following parameters
we will obtain the formulae for the dimensionless pressure distribution and load-carrying capacity for the radial thrust bearing with a squeeze film of the Rabinowitsch type lubricant     , 
Plots of the dimensionless pressure distribution and load carrying capacity are presented in Figs 4 and 5. In comparison with the case of non-porous squeeze film (solid lines in Fig.4 ) it may be concluded that the influence of porosity decreases the film pressure with the increase of  , for 0   , and inconsiderably increases the film pressure with the increase of  , for . 0 01   . The influence of the pad porosity is significant for small values of  , for . 0 05    [5] [6] [7] [8] [12] [13] [14] The comparison with the case of Newtonian lubricants   0   generally shows that the dilatant effects   0   increase the film pressure but the pseudo-plastic effects   0   decrease the film pressure [12] [13] [14] . Figure 5 presents the load-carrying capacity N  as a function of the squeezing ratio  . This load capacity is similarly induced by dimensionless coefficient of pseudo-plasticity  and by parameters p K and p H  relative to the pad porosity as the pressure distributions [1, [12] [13] [14] [22] [23] [24] .
Note that all these results are partially similar to cited here earlier works concerning either the Rabinowitsch flows in bearing clearances with impermeable walls or the Newtonian flows in bearings with porous walls.
Spherical squeeze film bearing
Let us consider now a spherical squeeze film bearing shown in Fig.6 . Introducing the following parameters cos , cos , cos , , 
we will obtain the following formulae for pressure distribution and load-carrying capacity
where Figure 8 shows the load-carrying capacity N  as a function of  . This load capacity is similarly induced by the dimensionless coefficient of pseudo-plasticity  and by parameters p K and p H  relative to the pad porosity. It seems that due to smaller "filling" of the pressure plots the load-carrying capacity of the spherical bearing is smaller than that of the thrust radial bearing. 
Conclusions
The modified Reynolds equations for a curvilinear squeeze film bearing with one porous wall lubricated by a Rabinowitsch fluid is derived. The general solution for this equation is searched in a form of the sum of two components; the first of them represents the Newtonian approximation by the second one represents the non-Newtonian correction. The detailed solution for squeeze film bearings are given for two cases of geometry, namely for radial thrust bearing and for spherical bearing. As a result the formulae for dimensionless pressure distributions p  and load-carrying capacity N  are obtained.
It follows from carried out calculations and their graphic presentations that the both magnitudes are dependent on the signs of rheological parameters k or  . These magnitudes are also induced by two parameters p K and p H  relative to the bearing porous pad. The pressures and capacities increase with the decrease of the dimensionless coefficient of pseudo-plasticity  . These magnitudes decrease with the increase of the relative thickness of porous pad p H  and the relative capillarity p K . This behaviour is typical for lubrication phenomenon of the bearings with one porous surface and it is independent on the rheological characteristic of lubricant [1, [20] [21] [22] [23] [24] 26] .
Nomenclature

 
A x -auxiliary functions described by formulae (4.8) 
